Flavor-active esters, produced during fermentation, are vital components and important contributors to the aroma of beer. In order to separate trace amounts of esters, their adsorption behavior in the presence of high concentrations of ethanol and their thermodynamic behavior under the influence of temperature needs to be understood. This study reports the influence of temperature on single component adsorption isotherms of four esters (i.e. ethyl acetate, isopentyl acetate, ethyl 4-methylpentanoate, and ethyl hexanoate) on two hydrophobic resins (i.e. Amberlite XAD16N, and Sepabeads SP20SS) and the estimation of heat, entropy, and Gibbs energy of adsorption. Higher heat and entropy of adsorption are obtained for ethyl hexanoate and ethyl 4-methylpentanoate in comparison, due to their higher hydrophobicity, stronger binding, and the exothermic nature of their adsorption. A higher concentration of ethanol (tested from 1 to 30% (v/v)), lowers the activity coefficient of esters in the aqueous phase, and subsequently lowers adsorption and Langmuir affinity parameters. Increase of temperature from 284.15 to 325.15 K shows a reverse influence on maximum adsorption capacity and Langmuir affinity parameters. Langmuir affinity parameters are obtained at various ethanol concentrations and temperatures. The reported parameters and thermodynamic properties in this paper, are essential for designing an industrial scale adsorption step for separation of flavor-active esters under non-isothermal conditions.
Introduction
Esters are volatile trace compounds which are present in fermented beverages like beer and are extremely important for the flavor profile of the final product [1] [2] [3] [4] . Although esters are produced in trace amounts in comparison to other yeast metabolites, like higher alcohols, they are important aroma elements due to their low odour threshold in beverages [5] [6] [7] . They are responsible for the sweet and fruity flavors of beer [8, 9] and if they are overproduced, they will negatively affect the final beer. Therefore, it is of importance to maintain optimum conditions to obtain a balanced ester profile in the final beer product [5, 10] . These compounds are primarily formed during fermentation by enzymatic chemical condensation of organic acids and alcohols and are divided into two major groups of acetate esters and medium chain fatty acid ethyl esters [5, [9] [10] [11] . While several esters are present in beer, the major ester components are considered to be ethyl acetate (solventaroma) [5, 9, 10] , isopentyl acetate (banana aroma) [9, 10, 12] , isobutyl acetate (fruity aroma) [5] , phenyl ethyl acetate (rose and honey aroma) [9, 10, 13] , ethyl hexanoate (sweet apple aroma) [9] , ethyl 4-methylpentanoate (apple or pear aroma), and ethyl octanoate (sour apple aroma) [9] . During processing, however the level of esters and their relative concentrations might alter due to chemical and physical changes. In order to prevent the unwanted changes, esters can be selectively recovered and fractionated by means of adsorption and by tuning the level of esters present in different process streams various beer products with fruity flavors can be produced. Fractionation of esters in beer beverages can be challenging since they are present in the matrix at trace levels in comparison to ethanol, which is present at significant concentration. In order to design the adsorption process for selective recovery of esters, several process parameters, like the effect of ethanol on adsorption of esters and heat of adsorption for each specific compound in the mixture need to be understood. Therefore, this work aims to provide knowledge on the adsorption mechanism of flavor-active esters under the influence of temperature and various ethanol concentrations. Four major esters which contribute to beer flavor, i.e. ethyl acetate, isopentyl acetate, ethyl hexanoate and ethyl 4-https://doi.org/10.1016/j.seppur.2018.05.026 Received 26 January 2018; Received in revised form 7 May 2018; Accepted 13 May 2018 methylpentanoate are selected and the adsorption of aforementioned esters is investigated on the synthetic hydrophobic resins, Sepabeads SP20SS and Amberlite XAD16N, which showed high affinity towards esters according to our previous investigations, both for single and multi-compound mixtures [14] . The uptake on each resin is examined at different concentrations of ethanol and the influence of temperature on adsorption of single and multi-component mixture of esters is explored. Based on the acquired results, the thermodynamic properties such as the heat, entropy, and Gibbs energy of adsorption for each specific ester present in the mixture are calculated and affinity of each resin towards the tested esters at various ethanol concentrations and temperatures is obtained. The estimated thermodynamic properties and the obtained affinity parameters have application in designing the adsorption column for selective recovery of flavor-active esters.
Materials

Chemicals
Ethyl acetate (purity ≥ 99.5%), isopentyl acetate (98%), ethyl hexanoate, and ethyl 4-methylpentanoate are purchased from SigmaAldrich, The Netherlands. MilliQ water is used for dilutions and ethanol 96%, is purchased from Merck.
Adsorbents
Food grade resin XAD16N from Amberlite resin series and the aromatic type Sepabeads SP20SS from HP resin series are purchased from Sigma-Aldrich, The Netherlands and used for adsorption tests. Detailed specifications and physical properties of the tested resins are reported in our previous work [14] .
Methods
Gas chromatographic analysis
The esters of interest were analyzed by Static-Headspace-GasChromatography (HS-GC) method using the GC (Trace 1300, Thermofischer Scientific, Switzerland) coupled with Triplus RSH Autosampler (Thermofischer Scientific, Switzerland) and FID in a RESTEK Rxi 624Sil MS column (20 mm × 0.18 mm ID × 1 μm df), (Restek Co., US) Helium was used as the carrier gas in the system. The incubation temperature of the GC agitator was set to 40°C and samples were measured with incubation time of 20 min. Syringe temperature was set to 60°C and detector temperature to 250°C. Instead of direct injection of the vapor to the GC column, injection is performed through a GC splitting inlet, which aids obtaining sharper peaks and reduces the amount of sample reaching the GC column. Split ratio of 30 was used for the measurements. Ramped oven temperature was considered for the GC settings, 60°C with holding time of 1 min, increase to 75°C with the increasing rate of 10°C/min, and the second increase to 175°C with the speed of 30°C/min with the holding time of 1 min. The retention time of tested components is measured during 7 min analysis time. The chromatograms obtained from the measurements show the retention time (minutes) of 1.5, 2.4, 4.9, 5.5, and 5.7 for ethanol, ethyl acetate, isopentyl acetate, ethyl 4-methylpentanoate, and ethyl hexanoate respectively.
Thermodynamic analysis
Selection of isotherm models
An extensive isotherm study was performed in our previous work in order to express the adsorption behavior of components, which belong to the group of esters, higher alcohols, and diketones [14] . Among the availabale and proposed models reported in the literature, Langmuir, Freundlich, and Sips (Langmuir-Freundlich) models were selected as the most appropriate models for expression of the equilibrium data.
Results of the tests revealed high accuracy in prediction with Langmuir and Sips models, therefore the previously tested models are selected to explain the adsorption behavior of flavor-active esters for this study and Langmuir and Sips models, which were able to predict the experimental adsorption equilibrium data with higher accuracy are further investigated for determination of isosteric enthalpy of adsorption in the next step.
3.2.1.1. Langmuir isotherm. The simplest model, which describes the monolayer adsorption, is the Langmuir model. This model works under the assumption that the resin surface consists of several different regions and each region follows the Langmuir assumption that one molecule is adsorbed to one site, homogeneous surface and a localized adsorption [15, 16] . This model can be explained as is shown in Eq. (1).
where θ is the fractional coverage (-), q and q max are the adsorption capacity, and maximum load respectively (mmol/L), k ads,L is the Langmuir constant (L/mmol), and C is the equilibrium concentration of the analyte (mmol/L). 
Greek symbols
θ fractional coverage (-) α sips constant parameter (-) χ constant parameter for temperature dependent q max (-) logarithmic scale as is described in Eq. (2).
where K f is the maximum capacity (mmol/L) (−1/n) and 1/n is the adsorption intensity.
3.2.1.3. Sips isotherm. The Sips model is the combined form of Langmuir and Freundlich model. It circumvents the limitation of increase in adsorbate concentration (with power 1/n), which is associated with the Freundlich model and makes it possible to achieve an improved fit at high concentrations [14, 17, 18] . This isotherm model can be written in the generalized form, shown in Eq.
.
where k ads S , is the Sips constant (mmol/L) (−1/n) .
Determination of adsorption isosteric enthalpy
Isosteric enthalpy, which is the basic quantity in adsorption study, is explained as the ratio of the infinitesimal change in the adsorbate enthalpy to the infinitesimal change in the amount adsorbed. When heat is released due to adsorption, part of the released energy is adsorbed by the solid adsorbent and it is partly dissipated into the surrounding. The heat adsorbed by the solid particle increases the particle temperature, therefore it is of importance to understand and quantify the amount of the isosteric enthalpy for further studies. The amount of this heat can be calculated based on Van't Hoff relation, as explained in Eq. (4) [19] [20] [21] [22] [23] [24] [25] .
where H Δ s is the isosteric enthalpy of adsorption, kJ/mol, R is the gas constant (8.314 J/mol K), T is the temperature in K, and C is the equilibrium concentration (mmol/L) [15, 16, 26 
q max represents a fixed number of surface sites and is independent of temperature. However, the Langmuir constant is dependent on temperature as is explained by Arrhenius equation, presented in Eq. (6) [28, 29] .
∞ k is the temperature-independent factor (L/mmol), H Δ s is the isosteric enthalpy of adsorption (kJ/mol) which in this case is assumed to be equal to heat of adsorption [15] , R is the gas constant (J/mol K) and T is the temperature (K). The magnitude of the heat of adsorption indicates the dominant type of adsorption (physical or chemical). The heat of adsorption for physisorption process is between 5 and 40 kJ/mol while higher heat of adsorption can be achieved in chemisorption (40-800 kJ/mol) [29, 30] . If the adsorption process is exothermic and q max decreases with temperature, the heat of adsorption will increase with the loading and if the isosteric enthalpy has a finite value at high coverage, the saturation capacity is independent of temperature and heat of adsorption will be constant [15] . Then Eq. (4) can be rewritten as explained in Eq. (7) [16] .
where H Δ 0 is the heat of adsorption (kJ/mol).
Sips approach.
For the sips mode, explained in Section 3.2.1.3, the constant k ads,s and the exponent n, temperature dependency can be considered in the next equations,
where ∞ k is the adsorption affinity constant, k 0 is that at reference temperature T 0 , n 0 is the same parameter n at the same reference temperature and α is a constant parameter. Unlike H Δ s in the Langmuir equation, where it is equal to the isosteric enthalpy, this parameter can only express the heat of adsorption in the Sips equation and the temperature dependency of exponent n needs to be considered. The maximum saturation capacity can be considered as constant or it can be expressed as is shown in Eq. (10), the choice of this temperature dependency is arbitrary [15] .
q max, 0 is the saturation capacity at the reference temperature T 0 and χ is a constant parameter. q max can be considered as temperature dependent, or the term χ can be set to zero [15] . In order to obtain the isosteric enthalpy for the temperature dependence form of the Sips equation from the Van't Hoff relation, and considering temperature dependence of k ads,s , and 1/n, the isosteric enthalpy can be written as explained in Eq. (11) [15] .
With the assumption that temperature variation of q max is negligible. It can be observed from Eq. (11) that the isosteric enthalpy decreases with loading. When the loading is equal to zero, it goes to infinity and when it reaches the saturation point, it approaches minus infinity. Although this model is capable to predict the final maximum capacity with accuracy at high concentrations, for accurate estimation of heat of adsorption, it is only applicable for intermediate range of concentrations [15] .
The physical meaning of parameter Q is explained in Eq. (12) . At fractional coverage equal to one half, the isosteric enthalpy is equal to the value of Q (kJ/mol) [15] 
Determination of Gibbs energy (ΔG 0 ) from Langmuir constant
The Gibbs energy change indicates the degree of spontaneity of the adsorption process. The higher negative value indicates a more favorable adsorption. The amount of change in Gibbs energy can be calculated according to Eq. (13), from Langmuir constant K [23, 27, 31] .
where K is the Langmuir equilibrium constant (q/C) and is dimensionless, T is the absolute temperature (K) and R is the gas constant (8.314 J/mol K).
Determination of heat (ΔH 0 ) and entropy (ΔS 0 ) of adsorption
The Gibbs free energy change is related to the heat (ΔH 0 ) and entropy change (ΔS 0 ) of adsorption which the relation can be expressed as Eq. (14) [16,23,32,33].
where K is the dimensionless equilibrium constant (-). The values of heat of adsorption ( H Δ 0 ) and entropy change of adsorption ( S Δ 0 ) can be calculated from the slope and intercept of the Van't Hoff plot, ln K versus the (1/T) [33] [34] [35] .
3.2.5. Determination of competitive adsorption parameters 3.2.5.1. Multicomponent Langmuir approach. For designing an adsorption column at an industrial scale for separation and fractionation of flavor-active esters which are present in different process streams with large amounts of ethanol, the competitive adsorption behavior of these compounds present with various concentrations of ethanol and at different temperatures needs to be investigated. In order to study the adsorption behavior and obtain the required parameters for the design stage, a multi-component Langmuir model is used to express the experimental data collected from adsorption tests performed through batch uptake experimentation at different concentrations of ethanol and at various temperatures. The extension of the Langmuir model, which describes the competition of component i with nc components in the mixture, is used to express the experimental data (see Eq. (15)) [14, [36] [37] [38] [39] .
where C i represents the concentration in the bulk liquid of species i at equilibrium condition (mg/L), q i is the load of species i (concentration of adsorbate on solid) (mg/g resin ), q max represents the maximum load (mg/g esin ), and k ads,i is the Langmuir constant (L/mg). K affinity (L/g resin ) can be obtained through multiplication of k ads,i by q max .
Batch uptake method
Batch uptake experimentation is used for testing the adsorption behavior of selected esters on the two synthetic hydrophobic resins. Experiments are performed in 10 ml clear crimp top headspace vials (Thermofischer Scientific, Switzerland), which were filled with the selected resins after the resin preparation step. Since resins are rather hydrophobic, they are prepared through washing steps with methanol, followed by an equilibration step with water and addition of the resins to each vial. Afterwards, different concentrations of the solution are added to the vials and closed with Crimpcap Bi-metal septum 20 mm (Thermofischer Scientific, Switzerland) to prevent evaporation. Vials are stirred at 500 rpm for one hour equilibration time on a thermo-mixer (comfort Eppendorf, Hamburg, Germany) at different temperatures tested for the experiments. After equilibration, bulk liquid is filtered using the Millex-HV low binding syringe filter unit, 0.45 μm, PVDF, 33 mm (Merck Millipore, The Netherlands) through 5 ml syringe in the 10 ml headspace vial and closed with metal caps, prepared for the analysis.
The amount of solute i adsorbed per unit mass on adsorbate (q i ) is calculated using the mass balance (Eq. (16)) [40] .
where M init is the initial number of moles of the analyte in the solution (mmol), calculated from the initial molar concentration and initial sample volume C V 0 0 where C 0 is the initial molar concentration (mmol/ L), and V 0 is the initial volume of the analyte (L). M bulk is the number of moles of the bulk liquid remained after adsorption (mmol). In order to take into account the effect of evaporation, the amount of moles of the analyte which are lost due to evaporation are considered in the estimation of the equilibrium capacity which can be estimated from (
, where V blank is the volume of the blank samples after the equilibration time. The value of m resin is the gram of the wet resin. 
Multi-component adsorption tests
Ester components are present in trace amounts in comparison to ethanol, which is present at higher concentration range. In order to investigate the competitive adsorption of esters, studying the influence of temperature and ethanol concentration on their binding capacity is required; therefore, the competitive adsorption of flavor-active esters is investigated through batch uptake experimentation according to the procedure explained in Section 3. 
. Single-component adsorption isotherms
The results of the adsorption isotherms at four different tested temperatures, are illustrated in Fig. 1 for adsorption of the flavor-active esters on Sepabeads SP20SS resin and for the four tested esters. The adsorption equilibrium data are explained with single-component Langmuir, Freundlich, and Sips models. As can be observed from Fig. 1 , the increase of temperature is not favorable for adsorption, due to exothermic nature of adsorption, and a decrease in the amount of maximum capacity at saturation point is observed. Comparing the results obtained for four tested esters, i.e. ethyl acetate, isopentyl acetate, ethyl 4-methylpentanoate, and ethyl hexanoate, it can be concluded that the resin SP20SS, has higher affinity towards the tested components in the order of their hydrophobicity, ethyl hexanoate as the most hydrophobic compound, followed by ethyl 4-methylpentanoate, isopentyl acetate, and ethyl acetate. The degree of hydrophobicity can be explained by the value of log P (Partition coefficient in octanol/water solution), which has the value of 2.31, 2.16, 1.53, and 0.28 for ethyl hexanoate, ethyl 4-methylpentanoate, isopentyl acetate, and ethyl acetate respectively [41] . By comparing the four figures for the tested esters, it can be clearly observed that ethyl hexanoate has more tendency to bind to the resin material, and the least bulk concentration remained after adsorption is obtained for this component. The value of equilibrium bulk concentration increases as the hydrophobicity of the molecule decreases and less analyte is adsorbed on the resin material.
Comparison of the Langmuir, Freundlich, and Sips fit for the four tested esters presented in Fig. 1 ). The pore volume of XAD16N resin is smaller than SP20SS (0.55 in comparison to 1.01 ml/g) [43, 44] and the adsorption phenomena is less dominated by pore diffusion on this resin, therefore components with higher hydrophobicity, have less tendency to bind strongly to the resin in comparison to SP20SS and adsorption isotherms can be described more accurately by Langmuir model and monolayer adsorption. From the obtained results and isotherms, it can be concluded that Langmuir model is able to predict the adsorption behavior of flavor-active esters with accuracy. This prediction can be improved through Sips model, specifically for the components with high hydrophobicity, therefore these two models are selected to be studied for determination of heat of adsorption. Due to low accuracy in prediction with the Freundlich model, this model is not selected for further study. capacity (q max ), the temperature independent factor ( ∞ k ), and heat of adsorption H Δ 0 are regressed using the nlinfit function in MATLAB, for the temperature dependent Langmuir model, explained in Section 3.2.1.1. The values of 95% confidence intervals for the nonlinear least squares parameter estimates, are estimated based on coefficient covariance matrix and the toolbox nlparci [45, 46] in MATLAB. The calculated parameters, based on the temperature dependent Langmuir model, (substituting Eq. (6) in Eq. (1)), are assembled in Tables 1 and 2 , for adsorption on Sepabeads SP20SS and Amberlite XAD16N respectively.
Heat of adsorption (ΔH
The estimated heats of adsorption, reveal that the adsorption is an exothermic phenomenon and the increase of temperature is not favorable for adsorption. The regressed values for maximum capacities, for four tested esters show that, increase of temperature has a reverse influence on the value of maximum capacity, as the value for q max decreases with temperature increase. The higher value for heat of adsorption is expected for higher hydrophobic components, (i.e. ethyl hexanoate and ethyl 4-methylpentanoate) since they interact and compete more for binding to the resin material and there is a higher energy barrier that adsorbed molecules need to overcome to leave the adsorbed phase [15] . The estimated values for heat of adsorption, for ethyl acetate is below 20 kJ/mol and it indicates that the adsorption is mainly dominated by physisorption for this component, since the value of H Δ 0 for physical adsorption is the same order of magnitude as condensation (i.e. 2.1-20.9 kJ/mol) [47, 48] as extensively reported in the literature. If the value for heat of adsorption lies between 80 and 200 kJ/mol, the adsorption phenomena is mainly dominated by chemisorption [47, 48] .
The calculated values for enthalpies of adsorption, for the other three hydrophobic components, are above 20 kJ/mol and below 80 kJ/ mol, and they imply that simultaneous physical and chemical adsorption occur for esters with higher hydrophobicity as they bind stronger to the adsorbent.
Similar procedure is followed to obtain the parameters for adsorption on Amberlite XAD16N resin. The regressed values for this tested resin are reported in Table 2 . Lower value for heat of adsorption, is obtained for adsorption of three hydrophobic esters, i.e. isopentyl acetate, ethyl 4-methylpentanoate and ethyl hexanoate, on this resin in comparison to Sepabeads SP20SS. The observed trend can be explained by the nature of the adsorbent materials, since Sepabeads SP20SS has smaller particle size and larger pore volume in comparison, it has higher affinity towards the high hydrophobic esters and more heat is released after their adsorption. Based on the regressed parameters, the value for k ads,L is estimated from calculated heats of adsorption according to Eq. (6) predicting the adsorption behavior for high hydrophobic components with higher accuracy, however for prediction of isosteric enthalpy, this model is only applicable in intermediate range of concentrations, as discussed in Section 3.2.2.2, and at low concentration range, and loading close to zero, it cannot predict the isosteric enthalpy with high accuracy, therefore this model is only used for prediction of the isosteric enthalpy for ethyl acetate which is less hydrophobic and calculated values based on Sips prediction are compared with Langmuir model only for this ester component, and for the other three esters which are highly hydrophobic with equilibrium concentrations close to zero, Langmuir approach is used to predict the thermodynamic parameters. For the obtained isotherms at different four temperatures for ethyl acetate, as illustrated in Fig. 1 , the values of maximum capacity q max , k 0 , n 0 , α, and Q, are regressed based on the equations presented in Section 3.2.2.2 from the temperature dependent affinity and n parameters. The estimated values are assembled in Table 3 . The standard error for each estimated parameter is obtained from correlation matrix R, corresponding to covariance matrix C and values of standard deviation sigma are obtained for each regressed parameter, for both adsorption on Sepabeads SP20SS and Amberlite XAD16N. Based on the estimated values, reported in Table 3 , fractional coverage (θ) is plotted versus enthalpy of adsorption as explained in Eq. (11), for four tested temperatures and for the two tested resins, shown in Fig. 5 . As can be observed from enthalpy curves at different temperatures, the value of enthalpy is higher at lower temperatures, where the maximum achieved adsorption capacity is higher, due to higher energy barrier that adsorbed molecules need to overcome, and the value of enthalpy decreases with increase in temperature.
At fractional coverage equal to 0.5, the value of isosteric enthalpy of adsorption will be equal for the four tested temperatures and this value is reported as the heat of adsorption, highlighted in Table 3 . For adsorption on Sepabeads SP20SS, the value of isosteric enthalpy is obtained as −13.3 kJ/mol, while it has a lower value -13.1 kJ/mol on Amberlite XAD16N. The isosteric enthalpy predicted based on Langmuir model is −13.6 kJ/mol which considering the range of standard error, falls in the same range as is predicted by Sips model, and the value predicted based on Langmuir model for adsorption on XAD16N, is −12.6 kJ/mol which is less than the value predicted by the Sips model. The difference in prediction is caused by the more accurate estimation of the maximum capacity, applying the Sips model, as is also illustrated in Fig. 1 . Although this model gives a more accurate prediction of maximum capacity at higher concentrations, it has application only in low concentration range, as explained in previous sections, therefore Langmuir model is used for calculation of thermodynamic parameters, Gibbs energy and entropy of adsorption.
4.1.3. Calculated Gibbs energy (ΔG 0 ) and entropy (ΔS 0 ) of adsorption The maximum capacity is dependent on temperature, as can be observed from the obtained isotherms shown in Fig. 1 . If the q max decreases with temperature, the isosteric enthalpy increases with the loading, and it will reach a finite value when → θ 1 The Langmuir expression explained in Section 3.2.1.1 and the estimated heats of adsorption are used to predict the values of Gibbs energy and entropy of adsorption, based on Eqs. (13) and (14) . The estimated values are reported in Table 4 for adsorption on Sepabeads SP20SS and Amberlite XAD16N, respectively.
The values for heat of adsorption, increase with the hydrophobicity of the ester component, and greater value for higher hydrophobic components such as ethyl hexanoate in comparison to ethyl acetate, implies that this compound interacts more with the resin material and higher energy is required that this component leaves the adsorbed phase after adsorption. Higher negative value for entropy of adsorption for this compound indicates that after adsorption this component is more stabilized on the adsorbent surface and it is more difficult to elute this component from the resin due to stronger binding in comparison to ethyl acetate, and the other less hydrophobic tested esters and molecules are more ordered on the adsorbent surface after adsorption.
Comparing the values for Gibbs energy of adsorption, a decrease is observed in the estimated values with increase in temperature. The Gibbs energy of adsorption, as explained in Section 3.2.3 shows the degree of spontaneity of the adsorption and if the adsorption is favorable. The higher negative value indicates a more favorable adsorption and as it can be observed from the estimated values, the value of Gibbs energy of adsorption decreases with increase in temperature, which indicates that a temperature increase is not favorable for adsorption due to the exothermic nature of the adsorption phenomena. For physical adsorption to occur, the Gibbs energy of adsorption is between (−20 to 0 kJ/mol) [48] , while it lies between (−80 to −400 kJ/mol) [48] if chemisorption is dominant. The estimated value of G Δ 0 for ethyl acetate is approximately −10.5 kJ/mol, whereas it is above −20 kJ/mol for the other three hydrophobic compounds adsorbed on Sepabeads SP20SS. The presented values demonstrate that for ethyl acetate physisorption is dominant and molecules bind to the surface of the adsorbent, and for the other three esters which has higher hydrophobicity and affinity towards the resin surface, molecules bind stronger to the adsorbent and Gibbs energy of adsorption equal or higher than −20 kJ/ mol is obtained for most of the tested temperatures for high hydrophobic components, i.e. ethyl 4-methylpentanoate and ethyl hexanoate. Comparing the calculated values of H Δ 0 and G Δ 0 for adsorption on Sepabeads SP20SS, with the results obtained on XAD16N, it can be observed that a lower value is calculated for adsorption on XAD16N, mainly for ethyl acetate, isopentyl acetate, and ethyl 4-methylpentanoate, and it is due to the higher affinity of the Sepabeads SP20SS resin towards the tested esters and more spontaneous reaction on the surface of this resin in comparison. Table 4 Calculated values for heat, entropy and Gibbs energy of adsorption.
Adsorption on Sepabeads SP20SS
Adsorption on Amberlite XAD16N isotherms are obtained at the tested conditions for each flavor-active ester in the mixture, and for adsorption on the two tested resins. In order to compare the influence of tested conditions on equilibrium concentrations, and shape of the isotherms, the obtained isotherms for the tested conditions (temperatures 284.15, and 325.15 K), and ethanol concentrations (1 and 30% ethanol) are compared for each ester in the mixture and for each tested resin, depicted in Fig. 6 . Comparing the two figures at the top, it can be concluded that increase in temperature from 284.15 to 325.15 K, has higher influence on decrease of equilibrium binding capacity, at higher tested ethanol concentration, i.e. 30% ethanol. This influence is more significant for the decrease of equilibrium binding capacity for ethyl acetate, the more polar component in the mixture. Increase of both temperature and concentration of ethanol reveal a significant decrease in equilibrium binding capacity (approximately 93%), compared to 40% reduction at lower temperature (i.e. 284.15 K), and lower ethanol concentration (i.e. 1% v/v ethanol) for this ester. Similar behavior is observed for adsorption on Sepabeads SP20SS, according to the results presented in figures at the bottom. Higher reduction in equilibrium binding capacity (approximately 92%) was observed for ethyl acetate at higher tested temperature compared to 30% reduction at lower temperature. The comparison of results obtained for adsorption in the same tested conditions for the two tested resins, reveal a higher affinity towards more hydrophobic components ethyl hexanoate, ethyl 4-methylpentanoate, and isopentyl acetate in comparison to ethyl acetate, for the tested resin Sepabeads SP20SS. This resin has smaller particle size (between 50 and 100 µm) [43] compared to XAD16N with particle size (between 560 and 710 µm) [44] , and has high surface area per volume. Moreover, larger pore volume for this resin as mentioned earlier, aids the diffusion of highly hydrophobic esters. Subsequently lower adsorption of ethyl acetate was observed for adsorption on this resin and for all the tested conditions. Due to lower hydrophobic nature and more polarity, separation of this component will be easier from the mixture in comparison to other tested components with higher hydrophobicity. The two components ethyl hexanoate and ethyl 4-methylpentanoate, with similar molecular structure and hydrophobicity, show similar adsorption behavior and strong binding and separation of these two components from each other can be challenging.
The experimental isotherms, obtained at all the tested conditions, presented in Section 3.4.2, are expressed with multicomponent Langmuir model and the thermodynamic parameters q max and k ads,i , explained in Section 3.2.4.1, are regressed, as explained in Eq. (15) . The value of affinity parameter K affinity (L/g resin ) is calculated for all the tested conditions, i.e. tested temperatures and ethanol concentrations. The calculated values for K affinity are shown in Figs. 7 and 8 for adsorption on Sepabeads SP20SS and Amberlite XAD16N respectively. The error bars shown in the figures, are the standard errors calculated based on the diagonal of the covariance matrix estimated from the Jacobian given by the fitting function [14] .
The values of K affinity presented in Figs. 7 and 8 confirm the strong binding of tested esters to the resin Sepabeads SP20SS in comparison to Amberlite XAD16N, which can be explained by the physical nature of the adsorbents, as discussed earlier.
As it can be detected from Figs. 7 and 8, increase in concentration of ethanol from 1 to 30% (v/v) has influence on the affinity parameter, as a considerable decrease in the value of K affinity was observed for all of the tested esters present in the mixture. With the increase of the ethanol concentration, the activity coefficient of esters in the mixture will decrease, and esters will have less tendency to leave the aqueous solution, therefore according to equality of chemical potential for component i in adsorbed and liquid phase, the affinity parameter can be described as a function of activity coefficient in the liquid phase. As the activity coefficient for esters decreases with increase in ethanol concentration, lower value for affinity parameter and subsequently lower binding capacity is expected to be obtained. Increase of temperature from 284.15 K to 325.15 K, showed a slight decrease in maximum capacities, due to exothermic nature of the adsorption, and as a result, lower value of K affinity is obtained at higher temperatures.
Conclusions
The result of this study performed for both single and multicomponent adsorption of flavor-active esters on the two tested resins, show that equilibrium binding capacity is influenced to a great extent by increase in temperature and ethanol concentration. The estimated thermodynamic properties, give a better understanding of the adsorption behavior of each flavor-active ester present in the mixture (if the adsorption is dominated by physical or chemical adsorption) and for adsorption on the two tested resins. As these properties were not previously calculated for the adsorption of studied esters on these resins and studies in this regard, which are reported in the literature, are scarce, the estimated values for heat of adsorption contribute to our understanding of the adsorption phenomena for these components. The obtained Langmuir affinity parameters at various tested temperatures and ethanol concentrations for a multicomponent mixture, together with the estimated values for heat of adsorption, can be used as required parameters and can have further application in designing an adsorption column for separation of flavor-active esters in order to consider the non-isothermal condition for their separation.
